Introduction 1,4-Dioxane is a colorless and flammable liquid with a faintly sweet odor. It has been widely used as a stabilizer for chlorinated solvents such as 1,1,1-trichloroethane, trichloroethene (TCE), and tetrachloroethene [31, 32, 40, 50] . 1,4-Dioxane is also used as a solvent in the manufacturing processes of ethylene glycol and ethylene oxide [38] .
Owing to its extensive use, 1,4-dioxane has frequently been detected as a persistent contaminant in surface water and groundwater [19, 40, 50] . 1,4-Dioxane is recognized as a serious pollutant in aquatic environments because of its acute and chronic toxicity as well as its suspected carcinogenicity [4, 42] . The United States Environmental Protection Agency classifies 1,4-dioxane as one of the Class 2B carcinogens with a high possibility of causing human 1,4-Dioxane-degrading bacterial consortia were enriched from forest soil (FS) and activated sludge (AS) using a defined medium containing 1,4-dioxane as the sole carbon source. These two enrichments cultures appeared to have inducible tetrahydrofuran/dioxane and propane degradation enzymes. According to qPCR results on the 16S rRNA and soluble di-iron monooxygenase genes, the relative abundances of 1,4-dioxane-degrading bacteria to total bacteria in FS and AS were 29.4% and 57.8%, respectively. For FS, the cell growth yields (Y), maximum specific degradation rate (V m a x ), and half-saturation concentration (K m ) were 0.58 mg-protein/mg-dioxane, 0.037 mg-dioxane/mg-protein•h, and 93.9 mg/l, respectively. For AS, Y, V m a x , and K m were 0.34 mg-protein/mg-dioxane, 0.078 mg-dioxane/mg-protein•h, and 181.3 mg/l, respectively. These kinetics data of FS and AS were similar to previously reported values. Based on bacterial community analysis on 16S rRNA gene sequences of the two enrichment cultures, the FS consortium was identified to contain 38.3% of Mycobacterium and 10.6% of Afipia, similar to previously reported literature. Meanwhile, 49.5% of the AS consortium belonged to the candidate division TM7, which has never been reported to be involved in 1,4-dioxane biodegradation. However, recent studies suggested that TM7 bacteria were associated with degradation of non-biodegradable and hazardous materials. Therefore, our results showed that previously unknown 1,4-dioxane-degrading bacteria might play an important role in enriched AS. Although the metabolic capability and ecophysiological significance of the predominant TM7 bacteria in AS enrichment culture remain unclear, our data reveal hidden characteristics of the TM7 phylum and provide a perspective for studying this previously uncultured phylotype.
Keywords: 1,4-Dioxane-degrading bacterial consortia, candidate division TM7, Mycobacterium, Afipia, kinetic parameters, soluble di-iron monooxygenase cancer [19, 50] . The International Agency for Research on Cancer also categorizes 1,4-dioxane as Group 2B (possibly carcinogenic to humans) [19] . Consequently, the World Health Organization has established the guidelines for 1,4dioxane in drinking water at 50 μg/l since 2006. In Korea, the Ministry of Environment (MOE) has set the quality limit of 1,4-dioxane in drinking water at 50 μg/l since 2012. Furthermore, the MOE has regulated the concentration of 1,4-dioxane in industrial wastewater effluents at below 4 mg/l since 2013.
Since 1,4-dioxane has a high miscibility with water, low Henry's constant (5 × 10 [27, 31, 33, 50] , it can persist for a long time, especially in aquatic environments [40] . Among traditional physicochemical technologies, advanced oxidation processes (AOPs) using ozone, hydrogen peroxide, UV light, and their combinations have been found to be effective in removing 1,4-dioxane [41] . However, AOPs require high energy consumption and operational costs.
On the other hand, microbial degradation of 1,4-dioxane is considered as a cost-effective and efficient treatment technology [3, 15, 39, 51] . Therefore, several attempts have been made to isolate and characterize 1,4-dioxane-degrading bacteria. To date, dioxane metabolism has been reported in 12 gram-positive bacterial strains, and Afipia sp. D1) and a fungal strain (C. sinensis) have been found to be capable of growing on 1,4-dioxane as the sole carbon and energy source. However, the growth and removal rates of these microorganisms by 1,4-dioxane are known to be very low [50, 51] because the biological processes in these strains require a long hydraulic retention time.
Most of the 1,4-dioxane-degrading microorganisms are unable to use 1,4-dioxane as the sole carbon source because these strains are unable to induce necessary genes and/or to mineralize 1,4-dioxane completely [45] . For growth and gene induction support, these strains require primary growth substrates such as tetrahydrofuran (THF) [3, 21, 48, 50] , propane [3, 31] , toluene [3, 21, 31] , methane [31], and ethanol [21] . It was also shown that co-metabolic dioxane transformation was enhanced by the growth-inducing substrate THF [45, 50] . However, many other studies showed that THF inhibited the dioxane transformation of pure and mixed microbial cultures growing on THF as the primary substrate [31, 40, 48] . Therefore, although it was not impossible, dioxane degradation remained very limited for these strains.
In the present study, bacterial enrichment cultures with a high capability in degrading 1,4-dioxane as the sole carbon and energy source were obtained from forest soil (FS) and activated sludge (AS), and the bacterial composition and kinetic parameters of 1,4-dioxane biodegradation were analyzed. In addition, the genus Mycobacterium and candidate division TM7 capable of growing on 1,4-dioxane were reported in this study.
Materials and Methods

Enrichment Culture of 1,4-Dioxane-Degrading Bacterial Consortia
For enrichment, 10 g of FS collected from a forest near the Yongin Campus of Myongji University and of AS obtained from a domestic wastewater treatment plant in Yongin, Korea were washed three times with 200 ml of ammonium mineral salts (AMS) [37] medium. Then pre-washed FS was added into a 500 ml Erlenmeyer flask containing 200 ml of AMS medium so that the concentration of total suspended solids (TSS) was 1,200 mg/l. This flask was incubated aerobically at 30°C on a shaker rotating at 120 rpm. The pre-washed AS was cultured in a 5 L cylindrical reactor (ID 170 mm x H 260 mm) containing 2 L of AMS medium and 1,200 mg/l of TSS. The reactor was stirred at 200 rpm and was supplied with air at 0.2 l/min using a flowmeter (Dwyer Instruments, USA). The reactor was kept at room temperature (22-25°C) . For both enrichment cultures, AMS medium was supplemented with about 200-250 mg/l of 1,4-dioxane as the sole carbon and energy source. After about 3 weeks of enrichment culture (5-6 successive transfers), the concentration of 1,4-dioxane was lowered to about 100 mg/l. Subsequently, enrichment cultivation was continued for 300 days by transferring TSS into fresh AMS every week in early stages and every 2-3 days in later stages. TSS of the previous culture was centrifuged and washed three times with phosphate-buffered saline (pH 7.4) before transfer to remove mineral salt precipitates.
Gene Library Construction and Phylogenetic Analysis
The genomic DNA of the enriched culture was extracted using the FastDNA SPIN kit for soil (MP Biomedicals, USA) according to the manufacturer's instructions. For the extracted genomic DNA, the 16S rRNA and soluble di-iron monooxygenase (SDIMO)
